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Complete Wetting from Polymer Mixtures

Ullrich Steiner, Jacob Klein,* Erika Eiser, Andrzej Budkowski,
Lewis J. Fetters

Coexisting polymer phases are characterized by very small interfacial energies, even well
below their critical solution temperature. This situation should readily lead to the exclusion
of one of the phases from any interface that favors the other. Such complete wetting
behavior from a binary mixture of statistical olefinic copolymers is reported. By means of
a self-regulating geometry, it is found that the thickness of a wetting layer of one of the
phases at the polymer-air interface, growing from the other coexisting phase, attains
macroscopic dimensions, increasing logarithmically with time. These results indicate that
binary polymer mixtures could be attractive models for the study of wetting phenomena.

A surface in contact with a mixture of two
fluid phases will generally favor one of
them. The surface may be partially wetted,
in which case it will be covered by a
microscopic layer of the favored phase, or it
may be covered by a thick, macroscopic
layer of this phase for the case of complete
wetting (1). This transition between partial
and complete wetting is implicit in the
early work of Young (and of Laplace) on the

U. Steiner, J. Klein, E. Eiser, A. Budkowski, Depart-
ment of Materials and Interfaces, Weizmann Institute
of Science, Rehovot 76100, Israel.

L. J. Fetters, Exxon Research and Engineering Corpo-
ration, Annandale, NJ 08801.

*To whom correspondence should be addressed.
1On leave from Jagellonian University, Cracow, Po-
land.

SCIENCE ¢ VOL. 258

13 NOVEMBER 1992

contact angle of liquid drops on a surface
(2), but it is only recently that the physics
of such transitions has come into sharper
focus. In a seminal paper (3), Cahn in 1977
proposed that a transition from partial to
complete wetting from a binary mixture
must always occur when the temperature T
is raised sufficiently close to the upper crit-
ical solution temperature T, (the highest
temperature at which two phases can coex-
ist) of the mixture. In the ensuing years,
there have been extensive theoretical and
experimental studies of such transitions (4,
5). Among the outstanding unresolved is-
sues is that of wetting from macromolecular
mixtures (6, 7). In these mixtures, com-
plete wetting is predicted to occur readily,
and far from T, (7); yet such wetting has



never been observed (8). Here we demon-
strate unambiguously that complete wetting
occurs from a binary polymer mixture. Us-
ing a self-regulating geometry, we were able
to follow in detail the growth of the wetting
layer from such a mixture near its phase-
coexistence boundary. Our results suggest
that polymeric blends may provide attrac-
tive models for the study of wetting from
binary mixtures.

Wetting of a surface of phase C from a
mixture of A and B is determined by the
relation

‘YCB ~ Yea = 'YuB (1)

Here a and B are the coexisting A- and
B-rich phases, respectively; the surface of C
has a preference for the a phase, and v, is
the interfacial energy between the x and y
phases: inequality in relation 1 implies that
at equilibrium surface C is only partially

Table 1. Molecular characteristics of statistical
copolymers with monomer structure (C,Hg),-
[C,H4(CoHY)], _,, where x is the relative vinyl
content of the PBD precursor polymer; the
weight- and number-averaged molar masses,
M,, and M, were determined by light scatter-
ing and size exclusion chromatography, re-
spectively; their ratio is a measure of the sam-
ple polydispersity. The level of deuteration was
determined by density measurements (12); T,
is the glass transition temperature.

2H
Poly- per Tg
mer X N M. /M, mon-  (°C)
omer
dc 0.12 1610 1.03 296 -34
hE 0.22 1290 1.02 —45

Fig. 1. The geometry used
to observe wetting in our
study. (A) Initially a layer
(~350 nm thick) of pure dC
is spin-cast on a polished
silicon wafer, and a similar
layer of pure hE is mounted
on top to form a bilayer
separated by a sharp inter-
face. (B) On annealing at
T,(110°C) < T, the poly-
mers interdiffuse, and bulk
transport takes place

Temperature (°C)

wetted, whereas at equality the surface will
be completely wetted (9).

In mixtures of small molecules, the in-
teraction parameters governing the values
of the interfacial energies, and therefore of
both sides of relation 1, are frequently
comparable (1). Cahn proposed (3) that,
near T, the interfacial energy v, between
the coexisting o and B phases must decrease
more rapidly with (T, — T) than does the
difference (y.g Yoo (10). In conse-
quence, sufficiently close to T,, any in-
equality in relation 1 corresponding to par-
tial wetting will always become an equality,
that is, complete wetting.

This argument, although compelling, is
not always valid: later researchers showed
(4) that the argument could be violated if
there were competing short- and long-range
interactions at the surface-fluid interface.
Nonetheless, for most binary mixtures stud-
ied, complete wetting does occur over a
finite temperature range between T, and a
wetting transition temperature T, (4). For
polymer mixtures the situation is qualita-
tively different. The monomer-surface in-
teractions, and the values of vy and v,
and of the left side of relation 1, remain
comparable to those of their small-molecule
analogs; but there is a massive reduction (by
a factor N, the number of monomers per
chain) in the entropic factors promoting
mixing between the different polymers
(11). This reduction gives rise to a mono-
mer-monomer interaction parameter x_ at
T, that is extremely small (of order 1/N),
and implies interfacial energies v, that are
very weak even far below T..

Thus, for polymer mixtures, equality in
relation 1 and a transition to complete

Two-phase region

0 02 04 06 08 1
Volume fraction of dC

across the interface, driv-
ing the compositions in the
layers toward their coexist-
ing values &, (dC-poor,
lightly shaded) and ¢,
(dC-rich, heavier shading).

Silicon

A B Cc

(C) The polymer-air interface interacts preferentially with the dC molecules to form a dC-rich phase
(composition ¢,) at the air surface, growing from the dC-poor phase. The ¢, phase at the silicon
surface acts as the (progressively shrinking) reservoir for the wetting layer. The composition profile
with depth z of the partly deuterated dC component was determined by NRA (74). The inset shows
the phase-coexistence curve for the dC-hE mixture. We determined this curve (15) by reversing the
order of the layers on the surface, letting them interdiffuse to coexistence at different temperatures,
and measuring the coexisting compositions (by NRA) for each temperature. The horizontal line
shows the temperature of the present wetting experiments.
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wetting should occur readily at T, << T..
This transition must take place on the
phase-coexistence line, and the above con-
siderations suggest that it occurs at a very
low volume fraction ¢?, of the surface-
preferred A component (7). In order to
observe complete wetting, it is then neces-
sary that the polymer phase adjacent to the
wetted surface be on the coexistence line,
and at a volume fraction * = ¢», . In our
experiments we have ensured precisely this
situation, as illustrated schematically in
Fig. 1.

The polymers used are statistical copoly-
mers (that is, the two monomer types are
randomly distributed along the polymer
chains) of ethylene and ethyl-ethylene

monomers, (C,Hg),-[C,H;-(C,HJ)],_,,
T T T T
1.0+ 4
.
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Fig. 2. Composition-depth profile of the dC
molecules in the bilayer after increasing an-
nealing times t at 110°C. Zero depth corre-
sponds to the air surface, with the silicon sur-
face at ~650 nm: (A) unannealed; (B) t = 30
min; (C) t = 8.0 hours; (D) t = 3.0 days. The
compositions of the dC-rich phase near the
silicon surface and of the dC-poor phase adja-
cent to it correspond to ¢, and ¢,, respectively
(inset to Fig. 1).
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Fig. 3. Variation with time of the mean thickness

of the dC-rich wetting layer at the air interface.

made by anionic polymerization of polybu-
tadiene (PBD) followed by hydrogenation
lor deuteration, where 2H labeling is re-
quired (12)]. Their composition (that is, x)
is controlled by the vinyl content of the PBD
precursor, and one can “tune” the interac-
tion of such random copolymers with each
other (I12) and with surfaces by varying x.
The molecular characteristics of the pair
used in the present study, designated dC and
hE, are given in Table 1. Samples were
prepared by spin coating a film (approxi-
mately 350 nm thick) of dC from toluene
onto a polished silicon wafer; a similar film
of hE was mounted on top of dC to form a
bilayer [as illustrated in Fig. 1A (13)]. The
bilayers were placed in a vacuum oven (1072
torr) at a temperature T of 110° = 0.5°C,
and the composition profile normal to the
polymer-air surface within each sample was
determined by nuclear reaction analysis
[NRA (14)] for different annealing times t.
In separate experiments the phase-coexist-
ence curve of the binary hE-dC pair was
determined [by NRA (15)] and is repro-
duced in the inset to Fig. 1. The coexistence
curve indicates that for this system T, =
126° + 2°C.

Figure 2 shows the composition-depth
profiles of the polymer bilayers normal to
the sample surface after increasing anneal-
ing times. The initially sharp interface of
the unannealed sample (Fig. 2A) broadens
by interdiffusion upon annealing. After 30
min (Fig. 2B) the plateau composition lev-
els of the two phases, which change as a
result of bulk transport, are close to their
coexisting values (inset in Fig. 1); at the
same time a clear surface peak of the dC-
rich phase is observed. The width €(t) of
this peak increases over the entire range of
annealing times t, as shown in Fig. 2, B to
D. This width at times longer than a few
hours is much larger than the spatial reso-
lution [about 10 nm (14)] of the NRA
depth profiling technique and is also larger
than any microscopic correlation lengths in
the mixture, such as the equilibrium width
of the interface separating the coexisting

1128

phases (14). The data thus show clearly the
growth with time of a macroscopic dC-rich
layer at the sample-air interface. The com-
position of this layer is the same, within the
scatter, as that of the dC-rich phase adja-
cent to the silicon substrate, whereas the
plateau composition of the intervening lay-
er is that of the coexisting dC-poor phase
(Fig. 2).

These observations are direct and readily
interpreted. Annealing of the bilayer at a
temperature T; < T_ leads to bulk transport
across the interface separating the initially
pure dC and hE layers. In the absence of
any preferential surface interactions, one
expects a dC-poor phase (phase composi-
tion &,;) adjacent to the air surface to
coexist at equilibrium with a dC-rich phase
(¢,) adjacent to the silicon. In our system
there is a preferential attraction for the dC
component at the polymer-air interface:
thus, as the dC concentration adjacent to
this interface increases, a dC-rich surface
layer begins to form. As the composition of
the near-surface region evolved toward ¢,
(Figs. 1B and 2B), this layer increased from
microscopic dimensions to a macroscopic
surface phase of composition ¢, (Figs. 1C
and 2, C and D). The geometry of the
system is self-regulating in that the near-
surface phase from which the surface layer is
growing always has a composition close to
¢, and coexists with the progressively
shrinking reservoir of the ¢, phase on the
silicon surface.

This result unambiguously shows com-
plete wetting of the polymer-air surface by
the dC-rich phase from the coexisting dC-
poor phase. Although a thickening of the
wetting layer up to ~100 nm is documented
here, its growth stops only when all the &,
phase initially on the silicon surface has
been depleted. The preferential adsorption
of dC at the air surface is driven primarily
by differences in the microstructure rather
than by isotopic labeling effects, as demon-
strated by measurements in which the iso-
topic labeling is exchanged (16).

The relatively slow buildup of the wet-
ting layer, together with the high spatial
resolution of NRA, allows us to monitor
the thickness of the wetting layer conve-
niently in time. Figure 3 shows the varia-
tion with time t of the mean wetting layer
thickness €(t). Within the range of our
experimental parameters, this variation ap-
pears to be best described by a logarithmic
relation

€(t) ~ log(t) (2)

as shown by the line in Fig. 3 (17).

To our knowledge, there have been no
comparable experimental kinetic studies of
mixtures of small-molecule fluids. In such
systems convectional flows between surface
and bulk, as well as gravitational potentials,
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can complicate the interpretation of the
dynamic behavior (18, 19); in addition,
initial wetting may occur through the
growth of droplets of the wetting phase on
the surface (4, 5). In our polymeric mixture
the chains are highly entangled, so that any
convectional flow is likely to be strongly
suppressed, and the wetting layer grows
primarily by diffusional processes. More-
over, in the forward-scattering configura-
tion of the NRA used for the compositional
profiling in our experiments, the presence
of discrete dC-rich droplets would be readi-
ly detected as an anomalous systematic
broadening of the interface between the
wetting layer and the dC-poor phase adja-
cent to it (14). Careful checks revealed no
such broadening, from which we conclude
that the wetting layer is growing uniformly
inward from the polymer-air interface into
the polymer bulk. There are few calcula-
tions of the thickening kinetics of wetting
layers from binary mixtures with which we
may compare our results (20, 21). For the
case of long-range intermolecular forces and
diffusion-limited growth, the likely situa-
tion with our nonpolar polymer molecules,
a weak power law is predicted (21) for the
increase of €(t) with time; but the theoret-
ical situation is far from resolved (4).

We come finally to the question of the
wetting transition in polymer mixtures.
Complete wetting from the dC-hE system
documented here occurred at 16°C below
T,; in similar experiments with a binary
mixture of analogous copolymers (but with
different x values) we observed complete
wetting of the air interface even at some
100°C below the respective T, from a
coexisting phase containing only some 10%
of the surface-preferred component (22).

Our results demonstrate that wetting of
an interface can take place readily from a
polymer mixture with which it is in con-
tact, even well away from its T.. This
finding has practical implications; the pos-
sibility of “tuning” intermolecular and sur-
face interactions through the monomer mi-
crostructure on the one hand and of adjust-
ing T itself through the degree of polymer-
ization on the other hand suggests also that
polymers may be good model materials for
fundamental studies of wetting from mix-
tures. This is especially the case in view of
the relatively large spatial and time scales
involved, which can be conveniently ac-
cessed by experiment.
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probe the question of where the partial-to-com-
plete wetting transition occurs, and its order in
polymer mixtures, as well as to characterize ex-
plicitly the surface interaction parameters that are
involved. Partial wetting in the configuration of our
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experiments would result in wetting layers of finite
thickness (comparable with bulk correlation
lengths) in equilibrium, as in the studies (8) show-
ing surface enrichment from a one-phase polymer
mixture.
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Electron Photodetachment Cross Sections of Small
Carbon Clusters: Evidence for Nonlinear Isomers

D. Zajfman, H. Feldman, O. Heber, D. Kella, D. Majer,
Z. Vager, R. Naaman

Absolute cross sections for photodetachment of negative carbon clusters are reported for
C,” (n=3, ..., 8). The results indicate that various neutral isomers exist, some with
electron affinities as low as 1 electron volt. The method of production plays an important

role in the characteristics of carbon clusters.

Pure carbon molecules are currently under
intense experimental and theoretical scru-
tiny. These molecules are believed to play
an important role in the formation of soot
in flames and have been detected in inter-
stellar space, being produced in giant car-
bon stars.

A review of the large amount of research
that has been devoted to these molecules
has been given by Weltner and van Zee (1).
Until recently, the question of the molec-
ular structure of such species was mainly
addressed theoretically. The first theoreti-
cal calculation (2) suggested that carbon
clusters of n atoms were either linear (n <
10) or rings (n > 10). Several recent
high-level calculations (3) predict that pla-
nar monocyclic isomers exist for small
even-numbered clusters (n = 4, 6, and 8).
Experiments were not able to confirm this
prediction, and only linear species were
reported to have been detected (4-6). A
sharp even-odd alternation in the electron-
ic structure and stability was found: the
even-numbered clusters are open-shell spe-
cies with 3Eg_ ground states and high elec-
tron affinities, whereas the odd clusters are
closed-shell species with 12; ground states
and lower electron affinities. However, in
recent photoelectron detachment studies
there were indications that nonlinear iso-
mers may exist (6). Also, indications for
the existence of both linear and nonlinear
isomers of C,* to C;y* were reported re-
cently (7).

In a previous experiment, we reported
the observation of a cyclic C, (8, 9) using
the Coulomb explosion imaging (CEI)
technique (10) combined with laser photo-
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detachment. We have extended these mea-
surements to other clusters (3 < n < 8).
We hdve measured the absolute photode-
tachment cross section of these clusters as a
function of photon wavelength.

Figure 1 illustrates schematically the ex-
perimental arrangement. Negative ions
were produced in either the standard Hi-
conex 834 cesium-beam sputter source or by
a laser vaporization—pulsed molecular beam
source. In the latter, a carrier gas could be
introduced from a pulsed nozzle operating at
a backing pressure of several atmospheres,
which allowed relaxation of molecular de-
grees of freedom by collisions with the gas
atoms as well as creation of larger clusters.
After acceleration to an energy of ~100
keV, the negative ions were collimated by
an aperture (2-mm diameter). A laser beam
was directed colinearly with the ion beam
and in the opposite direction. Either a
Nd:Yag (fundamental, second, and third
harmonic) or an excimer pumped dye laser
was used in this experiment. The lasers
operated at 25 Hz and were synchronized
with an electrostatic chopper placed at the
exit of the ion source, pulsing the negative
ion beam into 20-ps-long pulses. The neg-
ative ions surviving the laser interaction
were mass analyzed by a 90° magnet and
detected by a microchannel plate (MCP).
The laser intensity was measured by intro-
ducing a prism that deflected the light
through a window to a power meter (Fig.
1).

The depletion of the negative ions due
to the interaction with the laser photons
was monitored by digital recording of the
ion current (amplified by the MCP electron
multiplier) as a function of time. A typical
depletion curve as a function of time is
shown in Fig. 2. The time resolution was
chosen to be 0.25 ws, which is equivalent
to a typical ion flight path of 10 cm. For a
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